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Abstract 
This article describes CsBr2F7 (1) which has been obtained in the form of colorless single crystals. Shown by the X-ray 
diffraction on single crystals its Br2F7− anion is neither planar nor is its Br−μ-F−Br unit linear, as previously deduced from 
Raman spectra. Also a regular tetrafluorobromate CsBrF4 (2) has been obtained in the form of a colorless powder. Compound 2 
can also be obtained from compound 1 by evacuation. The crystal structure of CsBrF4 (2) has been elucidated by the Rietveld 
refinement on its X-ray powder pattern. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the National Research Tomsk Polytechnic University. 
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1. Introduction 
The tetrafluoridobromates(III) BrF4− of the alkali or earth alkali metals are promising substances for the dry-
chemical recycling of e.g. noble metals. Dry chemical processing saves huge amounts of acidic liquid waste. 
Moreover, the usage of nitric acid or aqua regia is no longer required. The tetrafluorobromates are relatively air-
stable solids and thus are also conveniently applicable to various industries. Usually, these tetrafluorobromates are 
synthesized using BrF3 and the respective alkali or earth alkali metal fluoride by direct reaction or also dissolved in 
anhydrous HF1,2. Here we report on a synthesis using BrF3 and the chlorides, in this case CsCl, by a direct reaction 
under a layer of Freon-113. The oxidizing properties of such tetrafluorobromates are fully unfolded only upon 
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heating to approximately 200 - 450°C, depending on the counter cation and the reducing agent3,4,5,6. To the best of 
our knowledge, LiBrF4 is yet unknown7–9. The heavier congeners of this alkali metal have been prepared and X-ray 
diffraction data indicate that MBrF4 (M = Na10, K10–16, Rb10,17,18, NO15) are isostructural and crystallize in the I4/mcm 
tetragonal space group. Interestingly, KBrF4 and KAuF4 have been reported to be isostructural16. Of CsBrF4 a 
Raman spectrum has been obtained4,19, and a powder pattern, from which it has been deduced that the compound 
should crystallize tetragonal primitive with a unit cell not in accord with MBrF4 (M = Na, K, Rb), has been 
reported10. Later  it will be demonstrated that CsBrF4 crystallizes in the orthorhombic crystal system isotypic to 
CsAuF4. In an attempt to prepare single crystals of CsBrF4 from the direct reaction of CsCl and BrF3 in Freon, we 
have observed the formation of CsBr2F7 (1) as colorless single crystals. This compound has been observed first by 
Sukhoverkhov and coworkers during investigations in the BrF3−HF−CsF system by the IR spectroscopy and 
chemical analysis as a colorless crystalline compound5. Stein and coworkers obtained CsBr2F7 as a pale yellow 
compound from the melt and showed by the Raman spectroscopy that the Br2F7− unit was planar consisting of BrF4 
squares which shared a common F atom and that the Br−F−Br connection was linear20. We have determined the 
crystal structure and report our diverging findings here by the X-ray diffraction on colorless single crystals. When 
this CsBr2F7 (1) was pumped on, it converted to the colorless powder of CsBrF4 (2). We report here that CsBrF4 is 
isotypic to CsAuF4, as shown by the X-ray powder diffraction and the Rietveld refinement. Compound 2 also 
crystallizes in the orthorhombic crystal system with the Immm space group. 
2. Results and Discussion 
2.1. Synthesis and Crystal Structure of CsBr2F7 (1) 
Compound 1 has been obtained in the form of colorless single crystals from the reaction of stoichiometric 
amounts of CsCl and BrF3 in Freon-113 at room temperature for seven days with occasional stirring according to the 
equation 1: 
 6 CsCl + 14 BrF3 → 6 CsBr2F7 + 3 Cl2 + Br2  (1) 
Cesium tetrafluoridobromate(III) bromine trifluoride (1/1) crystallizes in the form of colorless plates in the P21/c 
monoclinic space group with lattice parameters a = 7.70780(10), b = 8.0218(2), c = 14.1584(3) Å, β = 122.742(2)°, 
V = 736.33(3) Å3, Z = 4 at 123 K. For crystallographic details, see Table 1. The asymmetric unit (Figure 1) contains 
one Cs atom as the cation and two Br and seven F atoms form the anion with all atoms occupying the common 4e 
Wyckoff position. The bromide atoms are each coordinated almost square planar by fluorine atoms and the bromine 
atoms reside −0.0197(7) and 0.0095(6) Å below (Br1) and above (Br2) the respective least-squares planes defined 
by their attached F-atoms. The fluorine atom (F4) acts as a bridging ligand between the two bromine atoms and so a 
Br2F7− molecule is formed (Figure 1). The Br−F distances are in the range of 1.7686(11) to 1.8846(12) Å, the Br−μ-
F distances are about 0.2 Å longer with 2.1126(12) and 2.1430(12) Å, and the next nearest Br−F distances are found 
above 3.2 Å. The Br−F distances compare well with the ones of KBrF4 and RbBrF4 with 1.888(9) and 1.8903(32) Å, 
respectively. In the Au2F7− anion, the elongation of the Au−μ-F bond is only ca. 0.1 Å which is about 0.1 Å less 
compared to the compound 1. The F−Br−F angles are found in a range between 87.74(6) to 95.12(5)° and thus show 
only slight deviations from the expected 90° angle. The arrangement of the Br−μ-F−Br connection is not linear with 
140.27(6)°. This has also been observed in CsAu2F7 in which the Au−F−Au angle is 130.077(42)° 21. The two 
squares of this [F3Br(μ-F)BrF3]−-unit are tilted by 61.90(4)° to each other, in CsAu2F7 this tilt is only 48.1(3)°. Thus, 
the Br2F7− anion is neither planar, nor is the Br−μ-F−Br unit linear, as previously deduced from the Raman spectra20, 
and the ion is less bent but more tilted compared to Au2F7−. For further details of the atom distances and angles, see 
Table 2 and the unit cell of the compound 1 which is shown in Figure 2. 
The Cs cation is coordinated by twelve F atoms from eight Br2F7− molecules with Cs−F distances in the range of 
3.011(1) to 3.605(1) Å. Interestingly, the μ-F shows a distance to Cs+ of only 3.0663(12) Å, which is rather short 
taken into account that this atom is already bound to two bromine atoms. We note that CsBr2F7 (P21/c, No.14) is not 
isotypic to CsAu2F7 (C2/c, No. 15) and that the klassengleiche Übergang of index 2 from C2/c to P21/c does not 
show the group-subgroup relationship. The packing (Figure 2), as well as the unit cell parameters, are quite different. 
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Fig. 1. Asymmetric unit of the compound 1. Thermal ellipsoids are shown at the 70% level at 123 K. 
 
Fig. 2. Unit cell of the compound 1 viewed along the a-axis. Thermal ellipsoids are shown at the 70% level at 123 K. 
 Table 1. Crystallographic details of compounds 1 and 2. 
Compound CsBr2F7 (1) CsBrF4 (1) 
Empiric formula Br2CsF7 BrF4Cs 
Color and habitus Colorless plates Colorless powder 
M [g/mol] 425.7 288.8 
Crystal system monoclinic orthorhombic 
Space group P21/c (No. 14) Immm (No. 71) 
a [Å] 7.70780(10) 5.6413(8) 
b [Å] 8.0218(2) 6.8312(9) 
c [Å] 14.1584(3) 12.2687(17) 
β [°] 122.742(2) 90 
V [Å³] 736.33(3) 472.79(11) 
Z 4 4 
ρcalc [Mg/m³] 3.84 4.06 
λ [Å] MoKα, 0.71073 CuKα1, 1.5406 
T [K] 123 293 
 Rint, Rσ: 0.036, 0.033 Rp, wRp: 0.047, 0.064 
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R(F2) (all data), wR(F2) (all 
data) 0.032, 0.040 0.083, 0.084 
S (all data) 0.98 1.26 
No. of Datapoints, 
Parameters, Constraints, 
Restraints 
4249, 92, 0, 0 5250, 42, 0, 0 
2θ range meas. (min, max, 
incr.)  10, 88.735, 0.015 
2θ range refined (min, max) 3.06, 39.26 10, 88.735 
Δρmax, Δρmin [eÅ−3] 1.19, −0.97  
(Δσ)max 0.001 0.0003 
 
2.2. Transformation of CsBr2F7 to CsBrF4 (2) 
Evacuation of CsBr2F7 at room temperature for 9 hours to a final pressure of 10−3 mbar leads to the quantitative 
removal of BrF3 and to the formation of a colorless powder of cesium tetrafluoridobromate(III) CsBrF4 (equation 2). 
It may also be directly prepared from CsCl and BrF3 under Freon-113 according to the equation 3. 
 CsBr2F7 → CsBrF4 + BrF3 (2) 
 6 CsCl + 8 BrF3 → 6 CsBrF4 +3 Cl2 + Br2  (3) 
  Its X-ray powder pattern could be indexed in the orthorhombic crystal system, Immm space group. The cell 
parameters are a = 5.6413(8), b = 6.8312(9), c = 12.2687(17) Å, V = 472.79(11) Å3 at 293 K which are similar to the 
ones of CsAuF4 obtained by Müller and coworkers (reported a = 5.486(6), b = 6.589(6), c = 12.655(12) Å, 
V = 457.44 Å3) 21. A satisfactorily agreement could be obtained (Table 1, Figure 3) by the Rietveld refinement using 
the atom positions of the latter as starting values. CsBrF4 and CsAuF4 are therefore isotypic. Searches for an 
additional symmetry using PLATON did not show any missed symmetry22. Due to the X-ray data, and due to the 
fact that CsBr2F7 reacts even with carefully dried Lindemann capillaries within some hours, only the Cs and Br 
atoms could be refined anisotropic. F atoms have been refined only isotropic and for F(3) the isotropic displacement 
parameter had to be fixed. As the compound is isotypic to CsAuF4, no detailed structural report will be given. The 
Br−F bond lengths of the almost square planar BrF4− anion (Figure 4) are in the range of 1.94(4) to 1.97(4) Å and 
are thus only approximately 0.1 longer compared to the ones in KBrF4 and RbBrF4 with 1.888(9) and 1.8903(32) Å. 
This elongation may be due to the structure determination from an X-ray powder pattern obtained at room 
temperature. The F−Br−F bond angles are 90° by symmetry or close to 90°. Due to symmetry reasons the Br atoms 
reside exactly on the plane defined by the F atoms. Figure 5 shows the unit cell of CsBrF4. 
2.3. DFT calculations of the compound 2 
Since the structure of CsBrF4 has been determined using only the X-ray powder diffraction data, we had carried 
out an additional theoretical investigation to make sure that the structure solution proposed above was correct. The 
investigation has been done by means of solid-state quantum chemical DFT calculations (see Experimental Details) 
in two steps: First, we have determined the optimal cell parameters by calculating the dependence of the lattice 
energy on the unit cell volume E=f(V). For this purpose, a range from 90% to 110% of the lattice parameters with a 
step of 1% has been investigated. In terms of the cell volume this corresponds to a range from 72.9 to 133.1% with a 
step of 2.5%. The minimum of the E=f(V) function lies within an interval of 460-480 A3 which is in close agreement 
with the experimental value V = 472.79(11) Å3 at 293 K with an uncertainty around 3%. Second, a relaxation of the 
atomic positions has been carried out in order to obtain the difference between the experimentally determined 
distances/angles and the theoretical ones (see Table 3). The obtained values show an excellent agreement between 
the experiment and theory. In comparison to the final structure from the Rietveld refinement, the calculated 
distances and angles are equal within one sigma. Thus, the computational results support the structural data. 
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Fig. 3. X-ray powder diffraction pattern of CsBrF4 at 22 °C: experimental data (black crosses), calculated Rietveld profile (red), and difference 
profile (bottom, black). The calculated reflection positions are shown as black ticks. 
 
Fig. 4. Part of the crystal structure of the compound 2. Cs+ cation and the two symmetry-independent BrF4− anions are shown. Thermal ellipsoids 
are shown at 70% at 123 K, F isotropic atoms are shown. 
 
Fig. 5. Unit cell of the compound 2.Thermal ellipsoids are shown at the 70% level at 123 K, F isotropic atoms are shown. 
3. Conclusion 
The tetrafluorobromates(III) of alkali and earth alkali metals may be conveniently synthesized from the reaction 
of BrF3 with the respective chlorides under a layer of Freon-113. Cesium tetrafluoridobromate(III) bromine 
trifluoride (1/1) CsBr2F7 (1) has been structurally characterized by X-ray diffraction on single crystals. It contains 
the Br2F7− anion which is not planar and the Br−μ-F−Br unit is also not linear as reported previously. CsBr2F7 is not 
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isotypic to CsAu2F7. Cesium tetrafluoridobromate(III) CsBrF4 (2) can be prepared from the compound 1 by 
evacuation or by direct reaction of CsCl and BrF3 in Freon-113. Compound 2 is isostructural to CsAuF4 and 
crystallizes in the Immm orthorhombic space group. 
4. Experimental Details 
All operations with the tetrafluorobromates have been carried out in an atmosphere of dry and purified argon 
(WestfalenAG, Germany) in a sealed glove box (MBraun, Germany), so that a possible contact of the substances 
with moisture or air was minimized (O2 < 1 ppm, H2O < 1 ppm). CsCl (analytical grade, Vekton Ltd., Russia), 
Freon-113 (1,1,2-Trichloro-1,2,2-trifluoroethane, 99.96%,  Rosholoda Ltd., Russia) have been used without further 
purification. BrF3 has been synthesized by slowly passing gaseous fluorine through liquid bromine in a nickel 
reactor with continuous cooling.[23,24] When the reaction was finished, the BrF3 had been distilled and only the 
fraction with b.p. = 125 °C had been used for the experiments. 
4.1. Preparation of CsBr2F7 
6 CsCl         +         14 BrF3        →    6 CsBr2F7   +   3 Cl2   +    Br2 
6 ∙ (168.36)     14 ∙ (136.90)             6 ∙ (425.7)   3 ∙ (70.91)  (159.81) 
A transparent Teflon reaction vessel has been charged with 3.75 g BrF3 (27.4 mmol, 1.34 mL, 1 eq) and layered 
with approximately the five-fold volume of Freon-113. Then we carefully add 1.98 g of CsCl (11.8 mmol, 0.43 eq) 
in small portions, as the Freon-113 starts boiling due to the liberation of heat from the reaction. Freon-113 is added 
in such a manner that the reaction mixture is always covered by it. This way the entry of air is sufficiently 
prohibited. The reaction mixture was allowed standing for seven days, it was stirred once a day using a Teflon 
spoon. After one day the evolution of chlorine ceases. Finally, the Freon has been carefully pumped off. Yield: 
4.78 g (11.2 mmol, 95.6% of theory) of colorless CsBr2F7. The plate-shaped colorless crystals have been separated 
manually at −40 °C under the perfluoroether oil (Galden PFPE, Solvay Solexis) and a nitrogen atmosphere. 
4.2. Preparation of CsBrF4 
   6 CsCl      +     8 BrF3  →   6 CsBrF4 +    3 Cl2     +     Br2 
6 ∙ (168.36)     8 ∙ (136.90)      6 ∙ (288.80)  3 ∙ (70.91)  (159.81) 
A transparent Teflon reaction vessel has been charged with 3.16 g BrF3 (23.1 mmol, 1.13 mL, 1 eq) and layered 
with approximately the five-fold volume of Freon-113. Then we carefully add 2.92 g of CsCl (17.3 mmol, 0.75 eq) 
in small portions as the Freon-113 starts boiling due to the liberation of heat from the reaction. Freon-113 is added 
in such a manner that the reaction mixture is always covered by it. This way the entry of air is sufficiently 
prohibited. The reaction mixture has been stirred once a day using a Teflon spoon. After one day the evolution of 
chlorine ceases. Finally, the Freon as well as excess of BrF3 has been pumped off. Yield: 4.98 g (17.2 mmol, 99.6% 
of theory) of CsBrF4 as a colorless powder. Its purity has been checked by the X-ray powder diffractometry. 
Additionally, X-ray fluorescence measurements of this CsBrF4 showed a Cs:Br ratio of 1:1. 
4.3. Preparation of CsBrF4 from CsBr2F7 
Evacuation of CsBr2F7 at room temperature for 9 hours to a final pressure of 10−3 mbar leads to the quantitative 
removal of BrF3 and the formation of the colorless powder of CsBrF4. Its purity has been checked by the X-ray 
powder diffractometry. Additionally, X-ray fluorescence measurements of this CsBrF4 showed a Cs:Br ratio of 1:1. 
A pycnometric density measurement showed a slightly overestimated value of 4.20 g/cm3. 
4.4. X-Ray powder diffractometry 
Powder X-ray diffraction patterns have been obtained on a Stadi-P-Diffractometer (Stoe, Germany) using CuKα-
radiation, a germanium monochromator and a Mythen1K detector. The data were handled using the WINXPOW 
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software25. The compounds filled into Lindemann capillaries and flame-sealed. Le Bail profile fitting and Rietveld 
refinement has been executed in the Jana2006 software26. 
4.5. Single-crystal X-Ray analyses 
X-Ray structure analysis of single crystals of the compound 1 has been carried out by using the Oxford 
XCalibur3 diffractometer with monochromated molybdenum radiation (MoKα, λ = 0.71073 Å) and a CCD type 
detector. Crystals have been mounted using the MiTeGen MicroLoop system. Evaluation of diffraction data has 
been carried out by using the CRYSALISRED software27 and an empirical absorption correction has been applied 
by according to the multi-scan model. The structures have been solved using Direct Methods (SHELXS-97) and 
refined against F2 (SHELXL-97) 28,29. All atoms have been located by Difference Fourier synthesis and refined 
anisotropically. 
4.6. Computational Details 
Ab initio calculations of the ground-state structure energy for CsBrF4 have been carried out within Density 
Functional Theory using the ABINIT30,31 code which is based on a pseudopotential method and a planewave basis 
set. The pseudopotentials for Cs, Br and F atoms have been generated using the FHI code and are available for 
download from the ABINIT website32. In this work we used the Perdew-Burke-Ernzerhof GGA model to treat 
exchange and correlation33. For the Brillouin zone sampling, a shifted Monkhorst-Pack grid of 4×4×4 k points 
together with a cutoff energy of 80 Ha, which allowed a convergence of the total energy up to 10−3 Ha34, have been 
employed. The relaxation of the atomic positions has been done on constant experimental lattice parameters using a 
Molecular Dynamics approach in the form of the Verlet algorithm implemented in ABINIT35. 
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